Summary: Stimuli-responsive hydrogel has attracted widespread interests in bio-applications, especially in bio-optical systems that need tuning and adjustment of their optical performance. In this paper, we have investigated the materials and structural designs for the potential intraocular Lens (IOLs) design by studying swelling induced morphology changes and subsequently optical properties of ionic responsive Poly (Acrylamide-co-sodium acrylate) hydrogel. The equilibrium swelling ratio and swelling kinetics of gel were measured under both free standing and confined conditions. The Poly (Acrylamide-co-sodium acrylate) hydrogel has shown reversible swelling response to the ion concentration. Autonomous focusing of the gel lens was demonstrated under the certain ionic stimulus. Initial optical results have been presented with designable stimuli-responsive focal length shifting under structural confinement.
Introduction
One of the recent research interests in intraocular lens (IOLs) technology is to achieve variable focal lengths by using suitable materials and novel designs. The most common solution is to either directly fabricate the lens and its components onto curved surfaces by moulding, or geometrically reshape a planar system [1] [2] [3] [4] . By far, all reported IOLs designs are of fixed focal length, the technical challenge remains to be addressed under the term of developing gel lens with adjustable focal length in an autonomous and reversible manner.
From the perspective of customer experiences, the IOLs with self-regulating focal length could offer convenient care solutions to perspective patients by providing vision tolerance to avoid over-sight or/and over-intensity after surgery [2] .
By applying various external stimuli such as temperature, pH, electric and magnetic fields, and chemical triggers, hydrogel can undergo reversible deformation to change its size and shape [4] [5] [6] [7] [8] [9] [10] [11] . Stimuli-responsive hydrogels have been developed into various sensor and actuator applications include bio-medical sensors, artificial muscle actuators, scaffolds for tissue engineering, active surfaces and drug delivery systems [12] [13] [14] [15] . The swelling and deswelling of the polymer network was firstly discovered as a result from reversible titration of weakly ionised polyelectrolyte gels [3] . Given a proper boundary condition, curvilinear layouts could be generated on the surface of gel during swelling. Such stimuli induced geometrical change will result in strong nonplanar imaging capability and autonomous control [16] [17] [18] . Recent study by Dong and co-workers [19] presented a hydrogel based adaptive liquid lens, where the water-oil interfaces were pinned and deformed by actuating ring-shaped hydrogel structures by changing temperature and pH, mimicking the mechanism of a human eye. The utilisation of responsive materials could simplify the lens design without degrading the field of view, focal area, illumination uniformity, or image quality [20] .
In this article, we introduce a conceptual design to confine the circular gel structure on the rim with a 3D printed holder. The purpose is to configure the curvature of gel lens in a coordinated manner under the ionic stimulus, to achieve variable focal length autonomously.
When swelling occurs under the given confinement, the original thickness of fabricated curved lens changes in an elastic and reversible way that allow us to control the curvature of the lens. This actuation is defined precisely by the nature of the polyelectrolyte gel in this work and the kinetic is studied. The investigation of the focal length change suggests that the fabricated gel lens covers the whole range of the human eyes. The conceptual gel lens in this study could be an active substrate to integrate with other elements for advanced eye prosthetic device development.
Results and discussion
The gel lens structure was designed to be confined by a 3D printed holder with hollowed structure for the swelling tests (Figure 1a-1d ). Stimuli responsive poly(acrylamide-cosodium acrylate) (PAAM-co-NaAc) hydrogels ( Figure 1e ) has been used. As the copolymer gel can response to both ionic and thermal stimuli [21] , the degree of swelling and morphology change of the thin gel layer under certain confinement can be varied through changes to either the ionic strength of the phosphate buffered saline (PBS) solution (ionic strength= 150 mM) or temperature. The conceptual gel lens design has used a circular shape with a diameter of 13.8 mm, and varied thicknesses. The prototyping of gel lens consisted of three steps ( Figure 1f) . Firstly, the self-designed micro-mould was assembled. Secondly, the reaction-moulding of the gel was performed. And finally, the cover slip was removed to release the lens. The lens was designed with different aspect ratios by controlling the initial height from 250 m to 2 mm, with a fixed projection diameter of 13.8 mm.
The gel swelling test was performed in PBS solutions at room temperature ( Figure 2e , the rim confinement swelling presents the significant deformation with a H/h ~ 2.42, while the free standing swelling achieve the equilibrium at a H/h ~ 1.56
for one dimension, and a H/h ~ 2.06 for side confinement. Under the rim confinement, the lens structure could achieve higher deformation from the central axial, yielding a significant curvature changes during the swelling process.
The next step was to build a multi-point laser marking based focal length measurement system (Figure 3a ) to characterize the focal length changes for the gel based lens structure under ionic swelling. By setting the dimensional variables of the system and controlling the position of the laser input, we will receive the laser mark in the paper receiver. As shown in Figure 3b , the distance from lens to paper receiver can be set by controlling the Z-stage, When the swelling started, the focal length was start drop into measurable range at ~ 26 mm, then keep dropping when the lens was further swollen. The focal length reached a practical range of ~ 15 when the H/h is 1.7, and remained relatively stable within this range. We noted a wide distribution of the data during the high swelling state, this was caused by the data processing when the Numerical Aperture (NA) was applied to compensate the deflection, while the actual incident angle was hard to capture during the dynamic swelling.
The experimental set will be further improved with laser confocal system to identify the laser incident angle. In all, the responsive gel based lens supported by the rim confinement have demonstrated variable-focus ability and can autonomously respond to ionic stimuli.
This responsive hydrogel-based lens is easy to fabricate and its stimuli-responsive nature offers a highly adaptable property, which could be used as substrate to be integrated with other elements such as circuits and sensor for prosthetic application. Moreover, the mechanical confinement has realised a wide range of focal length change, which could significantly improve the vision quality by achieving a wide fields of view. However, there are still some work need be done to understand the mechanics of the geometrical curvature change under rim confinement, and the calculation correction of focal length changes at high swelling level.
Conclusion
We 
Experimental

3D printing micro mold and device assembly:
The lens mold was printed via Objet 24 desktop system with photo cured acrylic based material. The mold design employed standard contact lens parameters, and was completed in Solidwork software before being loaded into a Strasys ® Objet24 system for printing. The printed parts were cleaned and rinsed with isopropanol (IPA), before being annealed on a hot plate at 100 o C for 15 min.
The assembly of gelation chamber was constructed by the printed mold and a glass cover slip.
Gelation and lens fabrication:
The Poly (Acrylamide-co-sodium acrylate) hydrogel was 
